Several strains of measles virus which did not agglutinate monkey erythrocytes in phosphate-buffered saline did so in buffer containing o.8 M-ammonium sulphate. Haemadsorption to cells infected with these viruses was also salt-dependent. In a series of tests salt-dependent agglutinin was shown to be a stable structural component of the infectious virion.
INTRODUCTION
Schluederberg & Nakamura (I967) described a non-virion particle, occurring in measles virus preparations, which agglutinated erythrocytes in the presence of high but not low salt concentrations. Serial passage at high dilution in Vero cells of one of our strains of measles virus (P9) produced high infectivity titres in successive preparations without the appearance of normal haemagglutinin. However, agglutination occurred when the tests were carried out in the presence of o.8 M-ammonium sulphate as described by Schluederberg & Nakamura 0967).
We have, therefore, investigated the following two questions: first, is the salt-dependent haemagglutinin of P9 associated with the virion or is it an independent particle ? Secondly, could such an alternative type of haemagglutination account for the reports of nonhaemagglutinating measles virus (Ruckel-Enders, 1962, I963; Oddo, Chiarini & Sinatra, I967; Tischer, i967) ?
METHODS

Viruses.
Edmonston virus, kindly supplied by Dr J. H. Connolly, was prepared as a stock in either HEp2 or Vero cells. This strain yields a heterogeneous plaque population on Vero cells (Gould, I974) . In the text Edmonston virus will be referred to as Edm virus. The large and small dense plaques produced by Edm virus in Vero cells were isolated and stocks prepared in HEp2 cells. These were designated EdmI and Edm2 respectively. Edm3 was the persistent temperature sensitive measles virus derived from Edm virus described by Gould & Linton (i975) .
P9 virus was a separate preparation of Edmonston virus originally obtained from Dr Beale (Wellcome Research Laboratories). Its history is uncertain but in recent years it has been subcultured in V3A and HEp2 cells. We subcuttured it serially 9 times in Vero cells at limiting dilution. P9 virus characteristically produced well defined plaques (diam. I to 2 mm) in Veto cells.
HuI was measles virus obtained from Professor Gardiner (University of Newcastle upon Tyne) which had received 3 subcultures in primary MK and 5 in LLC/MK cells after isolation from a child with uncomplicated measles.
Hu2 was measles virus isolated in HEp2 cells from the lung of a child who died as the result of complications after inoculation with measles virus vaccine (Mawhinney et al. I97I) .
Schwarz virus was the Schwarz measles virus vaccine passaged once in Vero cells. Cells and media. HEp2 and Vero cells (Flow Laboratories) were cultured in Eagles growth medium (Glasgow modification) containing Io ~ foetal bovine serum (FBS) and maintained in Eagles growth medium containing I ~ FBS.
Plaque assays. These were as described previously (Gould & Linton, ~975) , with the exception that o.2 ml inocula were employed.
Virus neutralization. Equal volumes of standard virus (I oo p.f.u./dish) and serial twofold dilutions of antisera were mixed at 37 °C for I h. Virus was then assayed as above and the serum titre was taken as that dilution which reduced the plaque counts by 5o ~.
Sera. Rabbits were inoculated intramuscularly with 2 ml of an equal volume of virus and complete Freunds adjuvant. After 3 weeks, i ml of virus was inoculated intradermally and this procedure was repeated weekly for 8 weeks. The rabbits were bled the following week. These hyperimmune rabbit antisera produced characteristic nuclear, cytoplasmic and surface immunoftuorescence on Vero coverslips infected with measles virus.
Erythroeytes. Rhesus monkey erythrocytes were washed 3 times in phosphate buffered saline (PBS) and resuspended in PBS to a final concentration of 2 ~oo for haemagglutination tests and I ~ for haemadsorption tests.
Haemagglutination (HA) and salt-dependent HA (SDA) tests. All tests were performed in Flow Microtiter plastic plates. Serial twofold dilutions of virus were prepared in PBS (HA test) or PBS containing 1.6 M-ammonium sulphate (SDA test) and equal volumes of 2 ~ erythrocytes added. HA and SDA titres were estimated after incubation at 37 °C for 45 min as the reciprocal of the highest dilution which produced an incomplete button of erythrocytes. Previously control tests performed with all of the salts described by Schluederberg & Nakamura (~967) showed that a final concentration of o.8 M-ammonium sulphate was the most suitable.
Salt-dependent haemagglutination-inhibition tests. Serial twofold dilutions of antiserum were prepared in PBS. A standard dose of 4 HAU of HA or SDA was added and the mixture incubated overnight at 4 °C. One vol. of 3"2 M-ammonium sulphate and ~ vol. of 2 ~ erythrocytes were added to each dilution. The titre of the antiserum was taken as the reciprocal of the dilution which caused 5o ~ inhibition of agglutination.
Treatment oferythrocytes with RDE. Ten ml of washed erythrocytes (4 ~) were centrifuged at Iooo g for 5 rain and the cell pellet was treated with T ml of 50 ~ receptor destroying enzyme (RDE; Phillips Duphar) diluted in PBS, for z h at 37 °C. The treated erythrocytes were then washed 5 times by centrifuging and suspended at 2 ~ in PBS.
Tween/ether treatment. One ml of virus suspension was mixed with I ml of anaesthetic ether and o'o5 ml of Tween 8o and incubated at 4 °C for 25 min. The aqueous layer was collected and residual ether removed by evaporation.
Complement-fixation test. The method was described by Bradstreet & Taylor (~962) . The test was carried out in Flow Microtiter plastic plates using o-o25 ml volumes for all dilutions.
Haemadsorption and salt-dependent haemadsorption. Infected cell monolayers in Petri dishes were washed with PBS and ~ ml of I ~oo erythrocytes in PBS added either without ammonium sulphate (haemadsorption test) or with ammonium sulphate (salt-dependent haemadsorption test). A concentration of o'4 M-ammonium sulphate was used in this test to reduce deterioration of infected monolayers. After incubation at 35 °C for 15 min the monolayers were washed with PBS or PBS containing o'4 M-ammonium sulphate as appropriate. To prevent deterioration these monolayers were then fixed in 5 ~ glutaraldehyde. Electron microscopy. Infected Vero monolayers which showed salt-dependent haemadsorption were fixed with 2 ~ glutaraldehyde at pH 7"3 for 30 min and after dehydration were embedded in rSpurr resin. Sections were stained with uranyl acetate and lead citrate and examined in a Corinth 5o0 electron microscope. Erythrocytes which were agglutinated by P9 virus in a salt-dependent haemagglutination test were deposited onto a carbon-coated grid and stained with 2 ~ phosphotungstic acid at pH 6.8. The grids were examined in a Corinth 500 electron microscope. Table I describes the quantity of agglutinin produced by all the strains of measles virus listed above. High salt concentration did not increase the haemagglutination titre of Edm virus or its variants (EdmI, Edm2 and Edm3) after culture in HEp2 or Vero cells. P9 virus, Schwarz vaccine and the two human isolates, on the other hand, produced detectable haemagglutination only under salt-dependent conditions even after concentration by centrifugation ( x 5o).
NTE buffer.
RESULTS
The type of haemagglutinin produced by different strains of measles virus
Effect of serial passage on the type of agglutinin produced by Edm and P9 virus
Serial passage of Edm or P9 virus at low or high input multiplicity in either HEpz or Vero cells did not alter the HA or SDA properties of either strain. For example, each virus was serially subcultured for 10 passes in HEp2 or I5 passes in Vero cells at either 10 -1 or 10 -4 dilution and no changes were detected in the type of agglutinin produced.
Adsorption characteristics of Edm and P9 viruses
Serial adsorption of Edm or P9 virus with IO ~ suspensions of erythrocytes in either isotonic or hypertonic buffer confirmed the salt-dependence of the haemagglutinin of P9 virus ( Table 2 ). The control Edm virus adsorbed with equal efficiency both with and without hypertonic buffer and no SDA was detected in this preparation after adsorption without ammonium sulphate. At least 5o ~ of the adsorbed P9 virus was recovered from these erythrocytes by elution in PBS. This agrees with the observation by Schluederberg & Nakamura 0967) that SDA elutes in isotonic buffer. No HA or SDA was recovered from Edm virus by this elution procedure.
Direct evidence that the SDA of P9 virus was a component of the infectious virion was obtained by estimating the infectivity of each appropriate supernatant medium after one cycle of adsorption with an equal vol. of 2o ~ erythrocytes either with or without ammonium sulphate. Adsorption of P9 preparations without salt reduced the infectivity by about 30 but when salt was added the infectivity dropped by more than 90 ~. With control Edm virus the infectivity was reduced by more than 90 ~ with or without salt ( Table 3) . syncytia but on no other parts of the monolayer (Fig. I) . Such haemadsorption was absent if the infected cells were pre-treated with rabbit antiserum prepared against either P9 or Edm virus. No haemadsorption was seen after erythrocyte treatment without ammonium sulphate. Control Edm virus produced haemadsorption with or without ammonium sulphate. After haemadsorption in ammonium sulphate thin sections of glutaraldehyde-fixed Vero cells infected with P9 virus were examined by electron microscopy. Erythrocytes were found to adhere to virus particles which were budding from the surface of the syncytia (Fig. 2) 
Demonstration of SDA at the surface of infected cells by salt-dependent haemadsorption
Other properties of P9 virus
The ability of P9 to agglutinate erythrocytes was tested after treatment by procedures which are known to affect the surface of enveloped viruses. (a) After RDE treatment of monkey erythrocytes P9 virus produced low but significant titres in a conventional HA test (Table 4 ). The control Edm virus showed no significant change in HA or SDA titres. (b) Tween-ether treatment of SDA or Edm virus did not substantially alter the titre of either preparation although there was often a two-or fourfold increase and P9 virus retained its salt-dependent character. (c) The salt-dependent property of P9 virus was not altered by 18 successive cycles of freezing (-7o °C) and thawing, after heating at 5o °C for I O min or by alteration of the pH over the range pH 6 to 8. Thus the physical stability of SDA was not significantly altered in these tests.
The properties of P9 preparations which show that the salt-dependent haemagglutinin is associated with the virion
The results of the tests described here are consistent with the view that the salt-dependent property is not only present in infected cells but is an essential component of the infectious virion. (a) Virus infectivity (p.f.u./ml) was roughly proportional to the SDA titre (Table 5 ). The mean ratio was I-8 x ioS:L after infection of Veto cells for 48 h at 35 °C. (b) Rabbit antisera prepared against Edm virus or P9 virus which neutralized the infectivity of P9 also inhibited agglutination in the salt-dependent haemagglutination inhibition test (Table 6) . (e) Electron microscopy of P9 virus incubated with monkey erythrocytes revealed measleslike virions adhering to the surface of the erythrocytes only if hypertonic buffer was used. (d) Centrifuging of P9 virus for 4 h at 9oooo g on a I5 to 4o % linear potassium tartrate gradient (using NTE buffer) showed that about 3o % of the SDA recovered sedimented at the same rate as virus infectivity (Fig. 3) . SDA was also detected at the top of the gradient but little infectivity was present. This slow-sedimenting SDA presumably corresponded to that described by Schluederberg & Nakamura (1967) . Electron microscopy of the infectious The SDA of measles virus I 13 * Titre expressed as reciprocal of dilution.
- fraction revealed whole measles virus particles and free nucleocapsid whereas the noninfectious material consisted of small pieces of membrane with spikes similar to those seen on the surface of virus particles (Fig. 4) .
DISCUSSION
Strains of measles virus which do not produce haemagglutinin detectable by the conventional procedure were first described by Ruckel-Enders (I 962). Subsequently Oddo et al. (I967) showed that undilute passage (UP) virus produced high HA titres but low infectivities whereas dilute passage (DP) virus yielded relatively low HA titres and high infectivities. This led him to suggest that failure to detect HA might be due to reduced HA production under DP conditions. However, Tischer (~967), from results with RDE-treated erythrocytes, suggested that the ionic charge of the erythrocyte receptor was an important factor in demonstrating the presence of HA. Then Schluederberg & Nakamura (I967) found that after the removal of all conventional HA from measles virus preparations by erythrocyte adsorption, a salt-dependent haemagglutinin remained which sedimented very slowly and had a buoyant density of ~.3o g/ml in caesium chloride compared to the value of 1-24 to 1.25 g/ml for intact virus. They proposed that SDA might be a form of the measles-specific envelope protein which existed in the cell as a precursor of envelope component and which was not integrated into the virus or host cell membrane. But Portner & Bussell (I973) noticed that synthesis of SDA coincided with the synthesis of the last protein required for virus infectivity. Our results show that strains of measles virus which do not produce conventional haemagglutinin do produce SDA and the results with P9 virus demonstrate that the infectious virion contains SDA as a stable heritable character. Serial subculture and various treatments of P9 virus demonstrated the biological and physical stability of SDA. We also found a small SDA component, not associated with the infectious virion, which corresponded with the SDA described by Schluederberg & Nakamura 0967). The significance of the presence of this small particle SDA is at present unknown but it could represent a precursor of the virion agglutinin in the way that influenza precursor HA units become fused to give active HA units (Schulze, I972).
The erythrocyte adsorption experiments demonstrated the salt-dependence of P9 and in addition that the Edm virus contained only one type of agglutinin. Thus Edm and P9 each have one type of agglutinin. On the other hand we have found that some S.S.P.E. strains produce both types of agglutinin and this will form the basis of a separate publication (Gould, Cosby & Shirodaria, I976) .
Haemagglutinating and non-haemagglutinating variants were found by Ruckel-Enders (I962) to produce different types of c.p.e, which Oddo et al. (I967) suggested might be caused by genetic variation. This does not appear to be the case since Gould (t974) described several different plaque types of measles virus each of which yields HA (Table 2) whilst P9 virus, which produces large well defined plaques, did not. Thus there are un-The SDA of measles virus ~ T5
doubtedly plaque variants of measles virus but the plaque type is not directly linked with the ability to produce HA or SDA. Our results suggest that the host plays an important role in the selection of measles virus variants from mixed populations. Unfortunately the histories of many measles virus isolates are not completely recorded and so we cannot as yet point to any type of selection by one type of cell. Since the HuI and Hu2 strains which have a recent human history are SDA viruses it may be that all wild-type measles viruses have this SDA character and further that all S.S.P.E. biopsy material might produce salt-dependent haemadsorption at an early stage of laboratory culture, i.e. before adaptation to tissue culture cells. Perhaps the change from SDA to haemagglutinating virus, if this occurs, is analogous to the change which occurred in influenza viruses from the 'original' to the 'derivative' form first described by Burnet & Bull (I943). Thus the conventional HA measles virus could arise as the result of a mutation and then be selected under laboratory culture conditions. 
